Objective: Cadherin-13 (CDH13), a member of the calcium-dependent cell adhesion molecule family, has been linked to neurodevelopmental disorders, including autism spectrum (ASD) and attention-deficit/hyperactivity (ADHD) disorders, but also to depression. In the adult brain, CDH13 expression is restricted e.g. to the presynaptic compartment of inhibitory GABAergic synapses in the hippocampus and Cdh13 knockout mice show an increased inhibitory drive onto hippocampal CA1 pyramidal neurons, leading to a shift in excitatory/inhibitory balance. CDH13 is also moderating migration of serotonergic neurons in the dorsal raphe nucleus, establishing projections preferentially to the thalamus and cerebellum during brain development. Furthermore, CDH13 is upregulated by chronic stress as well as in depression, suggesting a role in early-life adaptation to stressful experience. Here, we therefore investigated the interaction between Cdh13 variation and neonatal maternal separation (MS) in mice. Methods: Male and female wild-type (Cdh13 +/+ ), heterozygous (Cdh13
Introduction
Autism spectrum disorder (ASD) and attention-deficit hyperactivity disorder (ADHD) are disorders with a neurodevelopmental origin, a strong shared genetic background and environmental influences (Kuntsi et al., 2004; Pettersson et al., 2013; Martin et al., 2014; Kiser et al., 2015) . ASD symptoms include deficits in social cognition, communication, emotional learning, repetitive and stereotypical behaviours and anxiety in unpredictable/unexpected events. Frequent comorbidities of ASD are anxiety disorders, obsessive-compulsive disorder (OCD) and ADHD (Romero et al., 2016) . For ADHD, inattention, hyperactivity and impulsivity are at the core of symptoms, and it is additionally characterized by frequent comorbid conditions such as depression as well as conduct and anxiety disorders (Rowland et al., 2002) . Both ADHD and ASD also share a considerable genetic overlap (van Steijn et al., 2012; Pettersson et al., 2013; Martin et al., 2014; Kiser et al., 2015) , and changes in axonal growth and synaptic connectivity not only influence the risk for neurodevelopmental disorders, but also play a key role in their aetiology (Halbleib and Nelson, 2006) .
Genome-wide linkage and association studies have also highlighted cadherin-13 (CDH13) as a potential risk gene for ADHD (Lesch et al., 2008; Neale et al., 2008; Zhou et al., 2008; Rivero et al., 2013) , ASD (Sanders et al., 2011; Sanders et al., 2015) , as well as substance abuse and depression (Edwards et al., 2012 , Drgonova et al., 2016 . CDH13 is critical in the regulation of cell migration (Philippova et al., 2003) , neurite outgrowth, motor neuron pathfinding (Fredette et al., 1996; Rivero et al., 2013; Hayano et al., 2014) and synapse formation in neurons with monoaminergic or GABAergic specification (Paradis et al., 2007; Rivero et al., 2015; Drgonova et al., 2016) . It is also expressed during embryogenesis and neuronal development, where it is associated with migration of serotonergic neurons in the dorsal raphe nucleus, establishing projections to the lateral and medial thalamus, hypothalamus and cerebellum (Rivero et al., 2013; Forero et al., 2017) . In addition, several studies revealed CDH13 variants associated with memory impairment (Salatino-Oliveira et al., 2011) , deficits in verbal working memory (Arias-Vasquez et al., 2011) , IQ discrepancy in autism (Chapman et al., 2011) , as well as hyperactivity/impulsivity, specifically during childhood and in adolescents (Salatino-Oliveira et al., 2015) . However, little is known if the genetic association is rooted in a loss-or gain-of-function of CDH13 in those patients. A recent study revealed that CDH13 is expressed in the hippocampus, where it localizes to the presynaptic compartment of inhibitory synapses and acts as a negative regulator of inhibitory GABAergic synaptic transmission, resulting in Cdh13 deficient mice which exhibit altered cognitive flexibility in the Barnes maze (BM), a hippocampus-dependent spatial learning task, as well as impeded fear memory in cued fear conditioning and impaired habituation .
CDH13 was reported to serve a protective role in models exposed to environmental stressors (Hebbard et al., 2008; Denzel et al., 2010) and is a risk gene for depression (Howard et al., 2018, under revision) with upregulation in the amygdala of depressed patients, supporting its involvement in the remodelling of dendritic and synaptic compartments (Sibille et al., 2009) . These findings suggest an adaptive role for CDH13 in stress-induced plasticity, with potential implications for the development, progression and persistence of neurodevelopmental disorders. Early development in general has been shown to be critically affected by a range of environmental adversities, including prenatal (Korosi et al., 2012; Schraut et al., 2014; Van den Hove et al., 2014) , and postnatal stressors, such as maternal separation (MS) (Fabricius et al., 2008; Baudin et al., 2012) or quality of maternal care ). In rodents, MS modulates hippocampal function resulting in various cognitive and emotional impairments (Korosi et al., 2012 ) that might amplify pre-existing genetic problems. Other studies showed that mild forms of early life-stress can also lead to developmental programming, which changes the behavioural phenotype to be more adapted to the stress perceived by the mother (Glover, 2011) .
These results raise the possibility that variations in CDH13 are not only responsible for certain behavioural alterations described in ADHD and ASD patients, like learning and memory deficits, anxiety and altered impulsivity, but might also interact with environmental influences during developmentally sensitive periods of axonal growth and neuronal migration. We therefore investigated the interaction of three different Cdh13 genotypes (wildtype, heterozygote and knockout) with early life stress and measured the resulting individual impact on emotional and cognitive behaviour later in life. To this end, we subjected Cdh13 knockout mice to MS and assessed alterations in anxiety, cognition and memory in these animals when they fully matured, using a battery of behavioural tests. In a second, independent series of experiments, we also investigated the impact of Cdh13 genotype and MS in the hippocampal transcriptome of male mice at two different developmental stages, adolescence and adulthood. 
Materials and methods

Animals
All procedures were carried out using a constitutive Cdh13 knockout (Cdh13 −/− ) mouse line on C57BL/6 N background that was generated as previously described . Mice were kept in the Animal Core Facility of the University Hospital of Würzburg, Germany, with controlled ambient temperature (21 ± 0.5°C) and humidity (50 ± 5%) under a 12 h light/12 h dark cycle (lights on at 7:00 h). Food and water were given ad libitum. Procedures and protocols are in accordance with the European Community guidelines of animal care and have been approved by the boards of the University of Würzburg and the Government of Lower Franconia (license 55.2-2531.01-92/13).
Maternal separation
In our first experiment that aimed to analyze the behavioural consequences of CDH13 deficiency and maternal separation, virgin female Cdh13 +/− mice (n = 30) of 2.5-3 months of age were pair-housed and allowed to habituate to the experimental room for 1 week prior to the introduction of a male Cdh13 +/− mouse. When observable weight gains and visible signs confirmed a pregnancy, females were isolated in new cages, 5-7 days before birth. The day of birth was marked as postnatal day 0 (PN0) and litters were pseudo-randomly distributed to maternal separation (MS, n = 8) or non-stressed, handled control (CTRL, n = 11) conditions. MS was conducted for 3 h per day from PN1-PN14 at random times between 8:00 and 15:00 h. All pups and their mothers were weighed every day before the onset of MS. After weighing, CTRL litters and dams were placed back into their home cages and not further disturbed, while MS mothers were transferred into new cages and left in an adjacent room compartment during the daily separation period. MS pups stayed in their home cages, which were placed under a heating lamp and covered with wet cloth to keep pups warm (25 ± 2°C) and provide sufficient air moisture (75 ± 5%). Pups were weaned at PN21 and housed in sex-and genotype-matched groups of 3-5 mice per cage until the end of the behavioural study.
With the exception of removing the dams instead of the pups from the home cage, this paradigm consisted of a standard MS180 PND1-PND14 paradigm in which the CTRL group was briefly handled (5 min) at the same time the MS group was separated (Qin et al., 2011) . Additionally, a second cohort of male animals naïve for behavioural testing was bred for analysis of their hippocampal transcriptome. These mice also originated from virgin female Cdh13 +/− mice (n = 38) that were mated with male Cdh13 +/− mice, were split evenly into CTRL (n = 19) and MS (n = 19) groups and handled the same way like the first cohort of behaviourally tested animals.
Behavioural tests
Starting at 8 weeks of age, male and female offspring from the first cohort, either maternally separated (MS: n = 13 Cdh13 ) were subjected to a behavioural test battery using the elevated plus maze (EPM) and light-dark transition test (LDT) to determine anxiety behaviour, the open field (OF) test to assess locomotor activity, Barnes maze (BM) to evaluate visual and spatial memory, step down (SD) anxiety and impulsivity test, and a contextual fear conditioning (cFC) paradigm to determine fear learning and extinction. All behavioural testing was performed during the light phase in the above mentioned order with an inter-test interval of at least 3 days and a random order of animals from different groups. EPM, LDT, OF and BM were automatically recorded and analysed with VideoMot2 (TSE Systems, Bad Homburg, Germany), as previously described .) SD and cFC were scored manually using a stopwatch, using a method derived from (Cline et al., 2012) . Testing spanned from end of January to the start of April.
The EPM exploits the natural tendency of mice to explore unknown environments and reflects an approach-avoidance conflict (Bailey and Crawley, 2009) The LDT highlights the conflict between exploration and avoidance of open, illuminated spaces (Bailey and Crawley, 2009 ). The LDT (TSE Systems, Bad Homburg, Germany) consisted of a brightly illuminated white-opaque compartment (50 × 34 × 40 cm, 70 lx) and a small enclosed dark compartment (50 × 16 × 40 cm, 10 lx) with a central gate. Mice were placed into the lower right corner of the dark compartment, facing away from the wall, and their behaviour was recorded and scored for 10 min. Behavioural measures included the time spent in the light compartment, the latency to leave the dark compartment, the total distance covered during the experiment, as well as defecation in the two different zones.
The OF assesses general locomotor activity, novel environment exploration and provides general anxiety-related behaviour measurements in rodents (Bailey and Crawley, 2009 ). The OF (TSE Systems, Bad Homburg, Germany) consisted of a black Perspex box (50 × 50 × 40 cm, centre 70 lx, corners 34 lx) semipermeable to infrared light. Mice were placed in the centre under a dark cylinder and habituated for 30 s, before the cylinder was lifted and mice were allowed to freely explore the arena for 30 min. Behavioural measurements included time and distance in the centre as well as total distance travelled.
The BM (TSE Systems, Bad Homburg, Germany) consisted of a round table (122 cm in diameter) with 40 holes arranged close to the edge in a clock face manner. The table surface was evenly lit (70 ± 5 lx). A small plastic box containing fresh nesting material was placed under one of the holes, while the other holes were left empty. Simple geometrical optical cues were placed on three of the four walls.
All mice received 10 acquisition trials over the course of 4 days. Afterwards, mice were subjected to 4 reversal trials over the course of 2 more days, where the position of the escape box had been changed to a new hole. During each acquisition and reversal trial, mice were allowed to freely explore the maze for 180 s or until they entered the escape box. If a mouse failed to escape or find the target within the given time, it was placed in front of the target hole and gently guided into the box. All mice were left undisturbed in the scape box for 30-45 s to facilitate its perception of a safe place. Behavioural measures included distance moved, primary latency to find the target, escape latency, primary errors (number of errors before the scape hole is located for the first time), reversal errors (visits to the old target hole during the reversal phase), search strategy and defecation. Primary latency and escape latency were set to the maximum trial duration in case of omission. Search strategies were scored and coded similar to (O'Leary and Brown, 2013) . Briefly, we recognized the animal to follow a spatial strategy if it made 2 or fewer primary errors and found the target within the time limit of 180 s. Other strategies were either when the animal systematically inspected consecutive holes in a clock/anti-clock wise direction before finding the target hole or a non-systematic search pattern with multiple centre crossings, but ultimately found the target. Mice that made < 2 errors, but did not find the target hole within 180 s were classified as non-performers.
For the SD test, mice were placed on a platform (5 × 5 × 2.5 cm) under a glass cylinder which was placed in the centre of the OF arena (50 × 50 × 40 cm). Mice were allowed to habituate for 20 s before the cylinder was removed. The time was measured until the mouse completely stepped down from the platform. Directly upon completion, mice were returned to their home cage. The test was performed on three sessions taking place on three consecutive days and with different increasing light conditions (order: 68 lx, 6.8 lx and then 308 lx).
For the cFC, we adapted a previously described procedure (Vignisse et al., 2014) . The cFC chamber (TSE Systems) consisted of a transparent plastic cube with a stainless-steel grid floor and was moderately lit (23 × 23 × 35 cm, 100 lx). The walls were covered from the outside with a simple geometric pattern. During acquisition, mice were habituated for two minutes after which a 0.7 mA alternating current shock of 2 s duration was delivered. Immediately afterwards, the lights turned off and the mice were removed from the chamber and placed back into the home cage. 24 h (fear recall) and 48 h (extinction recall) after the conditioning session, mice were placed back into the chamber for 180 s, but no further shocks were delivered during either session. Freezing behaviour during recall and extinction recall was manually scored by assessing the posture and movement of the mice every 10 s (18 periods, 3 min total test duration). Specifically, at the end of each 10-s period, we evaluated if the animal either showed freezing (rigid posture and immobility for > 1 s) or non-freezing behaviour, and the percentage of freezing was calculated from the total number of observations.
Plasma corticosterone measurement
Two weeks after the last behavioural test, mice were quickly sacrificed by a lethal dose of isoflurane and blood samples were then collected in EDTA-containing tubes, which where centrifuged (20 min, 3500 g, 4°C) to isolate the plasma. CORT levels from plasma samples were analysed by means of an enzyme-linked immune-sorbent assay (ELISA, Demetitec Diagnostics GmbH, Kiel, Germany) at Maastricht University, as previously described (van den Hove et al., 2011) .
Hippocampus dissection and RNA sequencing
The second cohort of behavioural testing-naïve male animals was sacrificed either during weaning at P22 (CTRL: Cdh13
−/− n = 9; MS: Cdh13
−/− n = 10) or after reaching adulthood at P66 (CTRL: Cdh13 +/+ n = 7, Cdh13 −/− n = 7;
MS: Cdh13 +/+ n = 10, Cdh13 −/− n = 7) by a lethal dose of D.P. Kiser et al. Progress in Neuropsychopharmacology & Biological Psychiatry 89 (2019) 158-168 anaesthesia (isoflurane) followed by cervical dislocation. Brains were then quickly dissected out of the skull and frozen in dry ice cooled 2-methylbutane (−50°C) and stored at −80°C awaiting further processing. The hippocampus, alongside five other brain regions (not investigated here), was extracted from approximately 1 mm-thick brain slices on a sterile pre-cooled plate (−8.5°C) using the Allen Brain Atlas as a reference (Lein et al., 2007) . Hippocampal samples were homogenized by crushing them into powder on a dry ice-cooled plate. Half of each sample was used for transcriptome analysis. RNA was isolated using the RNeasy Mini Kit (Qiagen). RNA sequencing was performed at the Core Unit Systems Medicine (SysMed), University of Wuerzburg, Germany. Library preparation was done according to the Illumina TruSeq® stranded mRNA guide (Illumina, 2013) with 500 ng of input RNA and 12 PCR cycles. 69 samples were sequenced in pools of 14 on an Illumina NextSeq 500 with 75 bp long single-end reads, resulting in 28 million reads for each sample. The RNA-Sequencing data presented in this work can be accessed through the NCBI Gene Expression Omnibus by its GEO accession number GSE119082 (link https://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE119082) (Edgar et al. 2002) .
Statistics
A preliminary power analysis revealed that the statistical power of our experimental setup to detect effects with a medium size (f = 0.2) was 0.8. Three-way ANOVA type II was used to analyze the effect of genotype, environment, sex and their respective interactions on the behavioural measures. We used a type II ANOVA due to its power in unbalanced data as present in our study (Langsrud, 2003) . Post-hoc tests were corrected by using Tukey's HSD (honest significant difference) test. Effect strength is reported as eta-square (η 2 ), which we calculated from SSbetween/SSresidual and interpreted according to Cohen (0.02 = small, 0.13 = medium and 0.26 = large). Time course analysis in the OF and BM was done using interval or trial as within factor, which was corrected by the individual animal. Significant interactions were further analysed comparing individual time points with factorial simplified ANOVAs in the same fashion as described above. When no interaction with time was present, data were collapsed to look for interactions and main effects of the other factors. Data analysis was performed using "R" studio (version 0.99 and 0.99.902). As ANOVA function we used ezANOVA provided by the package "ez" (Lawrence, 2013) . Data are presented as mean ± s.e.m.
For the transcriptome analysis, the two age groups were analysed individually to simplify the model and increase power. Data was analysed following an adapted version of the voom-limma pipeline described by Bioconductor (Law et al., 2016) as a gene-by-environment (GxE) interaction model. First, genes with no counts in any sample were removed, followed by log2-counts per million (CPM) transformation. Mean variance trends were calculated using the voom function and analysed using lmFit and eBayes packages (Law et al., 2014) . The results of individual factors (gene and environment) were then filtered by selecting all genes that had a p-value smaller than 0.01 and a log 2 Fold Change (log2FC) higher than 0.2 or lower than −0.2. The resulting lists (Supplementary Tables S1-S6) were used for Gene Ontology (GO)/ KEGG based enrichment analysis and analysed for overlap. An extensive search of the literature as well as of several web-based platforms was done for the top 20 genes with the highest p-values from each list, which where compared to the computational enrichment (Jensen et al., 2009; The Uniprot, 2017; UniProt Consortium, 2018) .
Results
General overview
Average litter size for the behaviourally tested group was 7.86 ± 1.8. At the day of weaning, the average pup weight was 9.57 ± 1.59 g. 50.3% of the mice were males, with 27% Cdh13 
CDH13 deficiency reveals lack of habituation in the open field
Repeated measures ANOVA revealed a significant main effect of time for total distance travelled, time spent in the centre and number of rearings (F 5,510/340 ≥ 6.422, η 2 = 0.086, p < 0.001, Fig. 1E ). Post-hoc tests showed that both horizontal (distance) and vertical (rearing) activity decreased while centre time increased over the 30-min testing session, indicating that the animals adapted to the experimental condition. No significant interactions between time and other factors were detected for distance travelled and number of rearings. However, there was a significant sex x genotype interaction for both variables (F 2,102/ 68 ≥ 3.748, η 2 ≥ 0.068, p ≤ 0.027). Post-hoc tests showed that male Furthermore, ANOVA found a significant main effect of environment for the number of rearings (F 1/68 = 7.843, η 2 = 0.103, p = 0.006, not shown), with MS mice displaying higher levels of vertical activity than CTRL mice (p = 0.006). Moreover, anxiety behaviour, as measured by the time spent in the centre, was differently affected by genotype, environment and sex (3-way interaction: F 2,102 = 3.813, η 2 = 0.041, p = 0.025) in a time-dependent manner (4-way interaction: F 10,510 = 2.017, η 2 = 0.016, p = 0.030, Fig. 1G ). Post-hoc tests showed that within the second half, male Cdh13 −/− of the MS condition spend significantly more time in the centre, compared to male Cdh13 −/− CTRL mice (p = 0.018). Furthermore, MS increased centre time compared to CTRL (p = 0.009) and male animals spend more time in the centre than female mice (p = 0.050). There was no interaction or main effect in the ANOVA for D.P. Kiser et al. Progress in Neuropsychopharmacology & Biological Psychiatry 89 (2019) 158-168 fecal boli.
Delayed habituation and reversal learning in Cdh13 deficient mice during Barnes maze testing
Repeated measures ANOVA revealed a highly significant effect of day for all measured variables (total distance, escape latency, target latency and primary errors; F 5,475 ≥ 37.39, η 2 ≥ 0.282, p ≤ 0.001). Posthoc tests showed that all parameters gradually decreased during both acquisition (days 1-4) and reversal (days 5-6) training, indicating that all mice successfully learned the task. We also found a significant day x sex x genotype interaction for total distance travelled (F 10,475 = 1.92, η 2 = 0.028, p = 0.040). Post-hoc tests revealed a sex x gene interaction exclusively for the first day of acquisition training (F 2,101 = 3.908, η 2 = 0.072, p = 0.023), with male In addition, overall, females took significantly less time than males to find the target hole and to escape from the platform (main effect of sex for primary target latency and escape latency, F 1,95 ≥ 9.104, η 2 ≥ 0.039, p ≤ 0.003).
Moreover, ANOVA revealed an overall genotype x environment interaction for the number of primary errors (F 2,95 = 3.462, η 2 = 0.067, p = 0.035, Fig. 2A ). Post-hoc tests showed a trend towards CTRL Cdh13 −/− mice committing more errors than MS Cdh13 −/− mice before finding the target hole (p = 0.054). Accordingly, ANOVA yielded a marginally significant genotype x environment interaction for the proportion of trials in which a non-spatial search strategy was used (F 2,95 = 2.756, η 2 = 0.055, p = 0.069; Fig. 2B ). Post-hoc tests indicated that CTRL Cdh13 −/− mice employed a random and/or serial search strategy more frequently than MS Cdh13 −/− mice.
Furthermore, analysis of primary target latency revealed a strong day x environment interaction (F 5,475 = 4.526, η 2 = 0.029, p < 0.001, Fig. 2C ), showing that MS mice took significantly longer than CTRL mice to find the new target location on the first day of reversal training. Accordingly, we found a significant day x environment interaction for the reversal errors (F 1,95 = 5.127, η 2 = 0.051, p = 0.026), with MS mice revisiting the old target location more frequently than CTRL mice on the first day of the reversal phase.
Cautious phenotype of Cdh13 deficient mice during the step-down test
Repeated measures analysis of
Step-down latency revealed no main effect of genotype, environment or interaction between both factors for any of the three different light conditions. We therefore averaged all three sessions and found no interaction effect but a tendency towards a genotype effect (F 1,72 = 2.441, η 2 = 0.063, p = 0.094, Fig. 3 ). Post-hoc analysis revealed that Cdh13 −/− mice took slightly longer to leave the platform than Cdh13 +/− mice (p = 0.1).
Reduced fear extinction in Cdh13-deficient mice during contextual fear conditioning
During recall of the context (24 h after fear conditioning), no significant differences in freezing among any of the experimental groups were detected. During extinction recall (48 h after fear conditioning), ANOVA revealed an interaction between genotype and sex (F 2,72 = 4.558, η 2 = 0.112, p = 0.013, Fig. 4 ). Post-hoc testing revealed that Cdh13 +/− and Cdh13 +/+ females tended to freeze more than male Step-down latency during the SD test showed a genotype effect. Cdh13 −/− mice took longer to step down from the platform. There was no effect of repeated measures. Values from the three consecutive sessions with increasing light conditions were averaged for each animal. Data are presented as mean + s.e.m., # p < 0.1. G, genotype; M, male; CTRL, control; MS, maternal separation; F, female CTRL, control; MS, maternal separation; M, male; F, female.
D.P. Kiser et al.
Progress in Neuropsychopharmacology & Biological Psychiatry 89 (2019) 158-168 η 2 = 0.588, p < 0.0001), with CORT levels being 2-3 times higher in females compared to males. Interestingly, there was also a significant main effect of genotype (F 2,103 = 3.422, η 2 = 0.063, p = 0.035). Posthoc analysis revealed that both Cdh13 +/− (p = 0.044) and Cdh13
−/−
(p = 0.001) mice had significantly lower CORT levels when compared to Cdh13 +/+ mice (Fig. 5) .
RNA expression changes in the hippocampus following CDH13 deficiency and maternal separation
In the transcriptome analysis, mRNA for a total of 21,973 genes was detected in both age groups. In the P22 dataset, 200-400 differentially expressed genes (DEGs) due to CDH13 deficiency (G, 310 genes), MS (E, 225 genes) or their interaction (G x E, 402 genes) were identified (Fig. 6, Supplementary Tables S1-S3 ). In the P66 group, approximately 100-200 DEGs due to CDH13 deficiency (G, 119 genes), MS (E, 186 genes) or their interaction (G x E, 142 genes) could be found (Fig. 6,  Supplementary Tables S4-S6 ). Enrichment for G revealed a significantly enriched pathway for cell adhesion in the P22 dataset (n = 11, fdr = 0.002, Supplementary Table S7), while in P66 not only a class for focal adhesion (GO #0005925, n = 10, fdr = 0.003), but also two significantly enriched classes for the cell surface, focal adhesion and the external side of the plasma membrane (n > 9, fdr < 0.003), as well as several classes related to the endoplasmic reticulum (ER), ER protein processing and vesicle transport could be identified to be enriched (n > 3, fdr < 0.027, Supplementary Table S8) . Moreover, enrichment analysis of differentially expressed genes (DEGs) due to MS revealed in the P22 dataset a significant enrichment of two classes for membrane components (n > 71, fdr < 0.004, Supplementary Table  S9 ) and in P66 two classes / pathways related to the ER (n > 6, fdr < 0.016, Supplementary Table S10). No significant pathway enrichment for any age group could be found as a result of the GxE interaction. Finally, we detected 46 genes that were differentially expressed due to G, E as well as GxE in the P22 dataset. Enrichment analysis on these overlapping gene set revealed a significantly enriched pathway for cell adhesion molecules (CAMs) (n = 4, fdr = 0.033, Supplementary Table S11), which included cell adhesion molecule 1 (Cadm1), Claudin 20 (Cldn20), Integrin alpha 4 (Itga4) and neural cell adhesion molecule 2 (Ncam2). No enriched biological processes or pathways were detected in the P66 dataset for the overlap for G, E and G x E. Manual search in the P22 list of most differentially expressed genes revealed Teneurin transmembrane protein 1 (Tenm1) to be downregulated in Cdh13 −/− compared to Cdh13 +/+ mice (log2 = −0.44, p = 0.000, Supplementary Tables S1).
Discussion
In the present study, Cdh13 +/+ , Cdh13 +/− and Cdh13 −/− mice were subjected to maternal separation for 3 h each day for the first 14 postnatal days. During the course of this study we were able to detect effects of genotype, environment and sex as well as their interactions in behaviour, which contribute to the understanding of the function of CDH13 as a mediator of developmental programming by early life stress. However, growth or maturation parameters did not exhibit any differences that could be attributed to a genotype effect or genotype interaction, showing that CDH13 does not affect overall embryogenesis and physical development. Furthermore, the transcriptome analysis revealed changes in genes coding for cell adhesion molecules, cell surface factors and ER function, suggesting that CDH13 deficiency and early-life experience are responsible for subtle changes in brain function.
CDH13 alters the response to early-life experience
Our results indicate that Cdh13 genotype, sex and environment differentially affect anxiety-like behaviour. We found that MS during the first postnatal weeks strongly reduced anxiety-like behaviour and increased overall activity later in life in male mice. Anxiety-like behaviour was also reduced in the LDT after MS in both, male and female, Cdh13 +/− mice. In the OF, male Cdh13 −/− CTRL mice showed no increase in centre time, while male Cdh13 −/− MS animals only increased their centre time towards the end of the test. We also found lower basal CORT levels in Cdh13 −/− and Cdh13 +/− mice compared to
While MS is reported to produce anxiety-like phenotypes in numerous studies (Veenema et al., 2007; Wong et al., 2015) , strain-specific characteristics can have a considerable impact on the outcome. Data is presented as mean + s.e.m. *P < 0.05, ***P < 0.001. G, genotype; E, environment; S, sex; CTRL, control; MS, maternal separation; M, male; F, female. Fig. 6 . Venn diagram that illustrates the number of genes differentially expressed in the hippocampus of male mice depending on the genotype (G, Cdh13+/+ versus Cdh13−/−), the environment (E, maternal separated versus control mice) or the interaction of both factors (GxE). The overlap between the different gene sets was calculated by comparing both lists of differentially expressed genes (DEGs) to search for common factors.
C57BL/6 mice are in general reported to have low anxiety scores in the LDT and OF when compared to other strains such as BALB/c (O'Leary and Brown, 2013). Savignac and colleagues (Savignac et al., 2011) reported decreased anxiety-like behaviour in the EPM and LDT in C57BL/6 mice after a MS protocol almost identical to our study. In addition, other studies also confirmed that small variation in the environment , the duration and intensity of stressful experience (Strekalova et al., 2005, Strekalova and Steinbusch, 2010) , the specific genetic background of the mice (Kember et al., 2012) , sex (Kember et al., 2012; Korosi et al., 2012) , the quality and quantity of maternal care (Walker et al., 2008; Pedersen et al., 2011; Ashbrook et al., 2015) , as well as the specific age of testing can influence the outcome of (early-life) stress paradigms. Moreover, studies have showed that mild prenatal (and postnatal) stress perceived by the mother can increase adaptive responses to stress in pups later in life (Glover, 2011) , since the type and intensity of maternal stress yields valuable information for neonatal organisms in their developmental programming (Agrawal et al., 1999; Heiming et al., 2011; Low et al., 2012) . While Cdh13 +/+ and Cdh13 +/− mice in our study showed reduced anxiety after MS, male Cdh13 −/− MS mice show less exploration as well as an increase of anxiety-like behaviour in the LDT and delayed entering of the centre in the OF, thus highlighting the importance of CDH13 in the developmental programming induced by early-life stress. The lower basal CORT levels in both genotypes of Cdh13-deficient mice supports this view, indicating a reduced overall responsiveness to stress that would be maladaptive in a natural environment.
Female Cdh13 −/− mice show increased locomotion
We demonstrated consistent changes in locomotor activity across all tests, which were influenced by sex, genotype and environment. A consistent genotype x sex interaction in the EPM, OF and BM revealed that Cdh13 −/− females cover longer distances than Cdh13 −/− males, thereby showing a more (hyper-)active phenotype. Typically, ADHD and ASD are more prevalent in males than in females (Rucklidge and Harrison, 2010) . Besides differences linked to genes on the sex chromosomes (Jamain et al., 2003) , differences in diagnostic criteria between genders have also been reported (Rucklidge and Harrison, 2010; Loomes et al., 2017) , with ADHD boys showing a stronger hyperactive phenotype than girls, resulting in more frequent diagnostic recognition in males. While the direction of the effect is opposite to the higher activity observed in ADHD patients, it still highlights a sex difference in activity modulated by an ADHD risk gene that should be taken into account. Moreover, it is still unclear from genome-wide association studies (GWAS) if the link to CDH13 constitutes a loss or gain of function, raising the possibility that an increase in CDH13 levels in ADHD patients might cause opposite effects to what we observed in our mice.
Learning and memory
We observed a trend for a decreased freezing during extinction recall of the cFC in the Cdh13 +/+ as well as the Cdh13 +/− male mice, but not in the female mice, nor the Cdh13 −/− of either sex or environmental condition. Cdh13 −/− male mice thus display a somewhat diminished ability to re-learn and change response patterns in the cued FC. In the BM test we observed that male Cdh13 −/− CTRL mice showed a similar trend to commit more primary errors than male Cdh13 −/− MS mice alongside a trend to select less efficient search strategies to identify the escape target. During the same test, MS mice in general committed more errors on the first day of the reversal phase. A core aspect of neurodevelopmental disorders such as ADHD or ASD is the alteration in learning and memory. The BM, as a spatial task, recruits the dorsolateral prefrontal cortex and the hippocampus among other areas (van Asselen et al., 2005) , while cFC mainly uses amygdala and the hippocampus (Curzon et al., 2009 ). Cdh13 levels reach their peak of expression during the two first postnatal weeks and hippocampal development and synaptogenesis in the rodent forebrain are strongest during the same time (Steward and Falk, 1991) . Previous studies have shown that CDH13 is strongly expressed in the developing forebrain (Forero et al., 2017) as well as in the prefrontal cortex and hippocampus of the adult mouse brain (Rivero et al., 2013) . Cdh13 deficiency in mice has also been linked to an increased inhibition in hippocampal CA1 pyramidal neurons , which are responsible for spatial and contextual long-term memory (Jung et al., 2017) . While we found a tendency in Cdh13 −/− CTRL mice to commit more primary errors in the BM and show reduced context fear extinction, the previously reported mild cognitive alterations in primary latency during the BM in Cdh13 −/− animals when comparing them with Cdh13 +/+ or Cdh13 +/− mice could not be confirmed during this study. However, both results are still supportive of the notion of mild cognitive impairments in Cdh13-deficient mice and highlight CDH13 as a relevant factor for memory formation and cognitive flexibility.
Cdh13 deficiency impacts transcription of cell adhesion/surface molecules and ER function
The study of the transcriptome of Cdh13-deficient mice subjected to MS was conducted to help understanding the mechanisms underlying the behavioural phenotypes observed in our study. Consistent with the function of CDH13 as a membrane protein and a member of the calcium-dependent cell adhesion family of proteins, the comparison of Cdh13 −/− versus Cdh13 +/+ mice yielded an enrichment of our RNA sequencing datasets in several GO classes and functions as well as KEGG pathways associated with cell surface/adhesion at both ages (adolescence-P22 and adulthood-P66). Similar results were obtained when we analysed the overlap of G, E and G x E in P22 animals. This finding suggests alterations in cell-cell contacts in the hippocampus due to Cdh13 deficiency. Since the establishment of neural connectivity is a critical process in brain development, surface recognition as well as maintenance of existing connections are necessary to ensure proper synaptic communication among neurons. We therefore hypothesize that disruption of CDH13 function impacts the establishment and maintenance of proper neural connectivity. The changes we observed may account for some of the previously identified alterations in synaptic density in cultured hippocampal neurons following interference of Cdh13 mRNA (Paradis et al., 2007) , as well as the increased inhibitory synaptic transmission in the hippocampal CA1 region of Cdh13-deficient mice . CDH13 has also been widely described as a survival factor in response to cellular stress, not only in endothelial cells (Joshi et al., 2005; Philippova et al., 2008) , but also in cortical interneurons (Killen et al., 2017) . Notably, we observed that many genes in the P66 group that are affected by Cdh13 deficiency are linked to the endoplasmic reticulum (ER) and ER stress response, leading to a strong overall enrichment of classes and functions related to ER function in our analysis. This finding suggests altered ER function in the hippocampus of Cdh13-deficient mice. Interestingly, two factors (Fkbp10 and Hspa5/Grp78) identified by our enrichment analysis that are both downregulated in Cdh13-deficient P66 mice have been associated to ER stress and apoptosis in different ways. While nothing is known about the role of Fkbp10 in the nervous system, studies show that other members of the Fkbp family have neuroprotective roles (Tanaka et al., 2002) . Interestingly, the family member Fkbp65 is known to form a complex together with Hspa5/ Grp78 in connective tissue (Duran et al., 2017) . Hspa5 (also known as GRP78 or BiP), is a ER chaperone that plays a role during neuronal development and migration and is the main activator of the unfolded protein response (UPR) signaling cascade that is activated in response to ER stress. Interestingly, CDH13 overexpression or silencing in endothelial cells leads to an increased or decreased ER stress response, by altering the expression of several signaling molecules including Hspa5/GRP78, suggesting a pro-survival role for CDH13 (Kyriakakis et al., 2010) . Notably, Grp78 appears to associate with CDH13 in the endothelial cell surface, where it plays a role in CDH13-dependent survival response (Philippova et al., 2008) . We can therefore speculate about a similar role of CDH13 and Grp78 in the nervous system.
The manual search also revealed Tenm1, a binding partner of the latrophilin family (Woelfle et al., 2015) , to be downregulated in our P22 sample due to Cdh13 deficiency. Tenm1 is a transmembrane protein with a regulatory active C-terminus (TCAP-1) (Chand et al., 2013) . TCAP-1 has a dose dependent effect on stress in the amygdala (Wang et al., 2005) and positively regulates neurite and axonal growth in hippocampal cells (Al Chawaf et al., 2007) . This is of specific importance, since one specific member of the Latrophilin family, latrophilin 3 (lphn3), has been shown to be linked to ADHD and hyperactivity (Wallis et al., 2012; Lesch et al., 2013; Acosta et al., 2016 ). An important number of evidences support, that the idiopathic origin of ADHD and other neurodevelopmental disorders is a result not from a specific gene or number of genes, but rather a "conspiracy" of (pleiotropic) genes that are related through various pathways . Identification of the link between apparently unrelated risk factors identified in GWAS thus might be of great import. We encourage other researchers to check for further such connections in our dataset that we might not have identified.
Limitations
We were unable to replicate the increased locomotor activity in male Cdh13-deficient mice that we had observed in our previous study . Male Cdh13 −/− mice also showed a decrease in impulsivity and risk taking behaviour in the SD and LDT tests. While the difference in locomotion might be due to small changes in breeding, housing and handling, as well as the more complex experimental design in the present study with more factors and experimental groups, we would like to raise the possibility, that these differences could also be attributed to the seasons during which our experiments were conducted. Our previous study consisted of mice from summer cohorts , while mice from this study were born and tested during winter/early spring. Other studies have reported that "wild" rodents, as well as animals in captivity for 300 generations, are generally less active and anxious during winter seasons (Ferguson and Bailey, 2013) . Moreover seasonal-dependent downregulation of CDH13 during spring compared to autumn was shown in songbirds (Melospiza melodia) (Mukai et al., 2009) , raising the possibility of a similar seasonal change in CDH13 expression for mice. By this, our findings raise a possible link between CDH13 and seasonal affective disorders (SAD), which is highly prevalent in ADHD patients (Levitan et al., 1999; Wynchank et al., 2016) .
Conclusions
Our study indicates that our MS procedure resulted in increased stress resilience, increased explorative tendencies and an overall anxiolytic behavioural phenotype in male Cdh13 +/+ and Cdh13 +/− mice.
Loss of CDH13 however prevented this adaptation to MS, leading to delayed habituation, lack of exploration and increased "escape" memory. Together with a mild decrease in fear extinction and reduced impulsivity, our results highlight a critical role of CDH13 in the development as well as the programming and adaptation to early-life stress. The results also support previously reported mild cognitive impairments, underscoring CDH13 as a relevant factor for memory formation and cognitive flexibility. The transcriptome analysis supported the view of CDH13 as a neuroprotective factor, potentially via a similar mechanism found in the vascular system. These behavioural and molecular findings support previously reported changes in synaptic function of Cdh13-deficient mice, as well as the association between CDH13 and the serotonergic system in the dorsal raphe nucleus due to the alterations in anxiety and stress adaptation. Loss of CDH13 function did not induce an ASD or ADHD like phenotype with respect to hyperactivity and impulsivity in male mice. In female mice, however, it increased locomotion. Considering that it is still unclear from genetic studies whether the association of CDH13 with ASD and ADHD constitutes a loss or gain of function, a mouse model overexpressing Cdh13 may yield further insights into the role of CDH13 in these disorders.
